Manure can provide valuable nutrients, especially N, for grass forage, but N availability is limited because of high NH 3 volatilization losses from standard surface-broadcast application. Field experiments were conducted for 2 yr at two sites in Vermont to evaluate eff ects of broadcast or banded liquid dairy manure and broadcast N fertilizer on grass yield and N utilization. Treatments were applied to orchardgrass (Dactylis glomerata L.) on a well-drained silt loam and to reed canarygrass (Phalaris arundinacea L.) on a somewhat poorly drained clay soil. Manure was applied three or four times per year at rates of 25 or 50 m 3 ha -1 either by broadcasting or by trailing-foot spreading in narrow bands. Fertilizer N was broadcast at 0, 28, 56, and 84 kg N ha -1 on separate plots at the same time as each manure application. Fertilizer N increased yields signifi cantly to the medium rate (224 kg ha -1 yr -1 ) on orchardgrass and the high rate (252 kg ha -1 yr -1 ) on the reed canarygrass site. Th e high rate of banded manure produced 80 to 110% of the yields from the high N fertilizer rate. Yields from the trailing-foot, banded manure application were 6 to 14% higher than those from broadcast manure in the two site-years where method had a signifi cant eff ect. Fertilizer N equivalence of manure averaged 44% with banded and 34% with broadcast application. We conclude that surface-banding manure with a trailing-foot applicator has the potential to provide benefi ts over conventional broadcast application by improving N utilization and increasing yield. drag-shoe, or sleigh-foot, places the manure in a series of narrow bands on the soil surface beneath the canopy of the grass sward. Th is reduces the surface area of the manure and minimizes exposure to the eff ects of wind and temperature, resulting in reductions in NH 3 loss of 40% or more compared with surface-broadcast application (Svensson, 1994; Huijsmans et al., 2001; Bittman et al., 2005; Jokela and Meisinger, 2008) and grass yields similar to those from fertilizer (Bittman et al., 1999 (Bittman et al., , 2007 . We established fi eld experiments to evaluate the eff ects of liquid dairy manure band-applied with a trailingfoot applicator on grass yield and N utilization compared with surface-broadcast application on soils and under climatic conditions of the dairy producing areas of the northeastern USA.
M
anure is an important source of N and other nutrients for grass forage production in Vermont and other dairy and livestock production areas. Surface-broadcast application of liquid manure, or slurry, to grass fi elds is a common management practice, but it results in signifi cant N loss as ammonia, reducing manure N available to the crop and potentially lowering yields. Nitrogen recovery by grass ranges widely, from 20 to 50% for manure and from 20 to 90% for fertilizer N sources (Loehr, 1974; Dam Kofoed, 1981; Pain et al., 1986; Bittman et al., 2007) . Potential water quality and livestock health problems can be exacerbated when manure application rates are increased to meet crop N needs to compensate for N losses in the fi eld. Applications of excess P to farm land has been linked to runoff in surface water leading to eutrophication of lakes and ponds (Sharpley et al., 1994; Carpenter et al., 1998) , and excessive K content of forages from applications of manure can increase the risk of milk fever with freshening dairy cows (Horst et al., 1997; Bosworth and Th omas, 1998) . Farmers are interested in new management techniques that conserve manure nutrients and increase fertilizer value, potentially leading to better forage yields and feed quality. Application practices that conserve N for crop use have the potential to increase farm profits while reducing overapplication of P and K to fi elds.
Orchardgrass and reed canarygrass are perennial forage grasses that can utilize large quantities of N for increased dry matter (DM) production of high quality forage for dairy cattle (Washko et al., 1967; Rhykerd et al., 1969; Jung and Baker, 1985 ; Kaffk a and Kanneganti, 1996) . Grass responds favorably to increasing rates of N fertilization, sometimes to even higher rates than corn (Zea mays L.) (Magdoff , 1982) , making it a suitable crop for utilization of livestock manure. Application of dairy manure to grassland has produced yields approaching or equal to those from N fertilizer (Schmitt et al., 1995; Bittman et al., 1999; Cherney et al., 2002) Th e greatest loss of manure N applied to grassland is from ammonia (NH 3 ) volatilization, which can account for losses of over 50% of the manure N applied (Th ompson et al., 1987; Lockyer et al.,1989) . Application methods that immediately incorporate manure into the soil can reduce volatilization losses of NH 3 by 80 to >90% (Th ompson et al., 1987; Svensson, 1994; Th ompson and Meisinger, 2002) . Incorporation of manure for annual crops can be accomplished by tillage or by direct injection before planting, but injection of manure into established perennial grass is not commonly practiced because excessive sward damage can reduce yields and stand longevity (Prins and Snijders, 1987; Misselbrook et al., 1996; Rodhe et al., 2006 ). An alternative option is band-spreading of slurry manure, which provides some of the benefi ts of mechanical injection without most of the associated problems found with subsurface injection into established grass sod crops (Bittman et al., 1999; Jokela and Côté, 1994) . Band-spreading of slurry with a trailing-foot attachment, also known as sliding-shoe, drag-shoe, or sleigh-foot, places the manure in a series of narrow bands on the soil surface beneath the canopy of the grass sward. Th is reduces the surface area of the manure and minimizes exposure to the eff ects of wind and temperature, resulting in reductions in NH 3 loss of 40% or more compared with surface-broadcast application (Svensson, 1994; Huijsmans et al., 2001; Bittman et al., 2005; Jokela and Meisinger, 2008) and grass yields similar to those from fertilizer (Bittman et al., 1999 (Bittman et al., , 2007 . We established fi eld experiments to evaluate the eff ects of liquid dairy manure band-applied with a trailingfoot applicator on grass yield and N utilization compared with surface-broadcast application on soils and under climatic conditions of the dairy producing areas of the northeastern USA.
MATERIALS AND METHODS

Site Description
Two experiments were conducted for 2 yr at separate sites near Burlington, VT, having diff erent characteristics of soil type, harvest management, and sward species composition. Th e Shelburne and Swift St. sites represent two common fi eld situations experienced by farmers managing perennial grasses for harvest as ensiled haylage or dried hay for dairy livestock. Th e Shelburne site was on a well-drained Galway silt loam soil (coarse-loamy, mixed, mesic Typic Eutrochrept) in Shelburne, VT, which had an established stand of 'Rough Rider' orchardgrass managed with a four-cut harvest schedule. Th e Swift St. site was on a deep and somewhat poorly drained Kingsbury clay soil (very-fi ne, illitic, mesic Aeric Ochraqualf) in South Burlington, VT, with an established stand of 'Palaton' reed canarygrass managed with a three-cut harvest schedule.
Weather data were collected throughout the growing season each year and included measurements of ambient temperature at 1.6-m height and precipitation at both fi eld sites. Measurements were recorded with a thermocouple and tipping bucket rain gauge in conjunction with a model CR 10 batteryoperated data logger (Campbell Scientifi c, Logan, UT) and backup dipstick rain gauge. Th e monthly mean temperatures and precipitation during the growing seasons of each year and the 30-yr averages as reported by the National Weather Service, Burlington, VT, are shown in Table 1 .
Soil test levels for pH, available and reserve P, and exchangeable K and Mg were determined at each site before any treatments were started by sampling individual plots to a depth of 20 cm. Samples were analyzed using a modifi ed Morgan's extract (NH 4 acetate, pH 4.8) for available P, K, and Mg and a modifi ed Morgan's extract plus fl uoride for reserve P (McIntosh, 1969) . Th e soil test levels for both sites in 1995 before treatments started are shown in Table 2 . Supplemental P and K fertilizer was added each year as needed based on University of Vermont Extension nutrient recommendations (Jokela et al., 1998) and soil test results from annual soil sampling of individual plots.
Treatments
Th is 2-yr experiment included four liquid manure treatments and four N fertilizer rates. Th e experimental design at both sites was a randomized complete block design with all eight treatments randomized within each of four replicates. Individual plot size was 4.5 by 12 m at Shelburne and 4.5 by 10 m at Swift St. Manure and fertilizer treatments were applied to the same plots in both years of the experiment (1996 and 1997, referred to as Year 1 and Year 2, respectively). In 1995, the year before the main experiment, the Shelburne site received two sets of treatments, which totaled 200 and 300 kg N ha -1 for the low and high manure rates and 0, 56, 112, and 168 kg N ha -1 for fertilizer treatments. Because of a lack of in-plot manure uniformity using a prototype manure applicator attachment and problems with data collection the results are not presented here. While there may have been some residual eff ect from 1995 applications in the following year, the estimated organic-N contribution based on Extension recommendations for manure N availability (Jokela et al., 1998) was less than 17 kg N ha -1 . Th is was considered minimal, so treatments were continued as planned for the following 2 yr.
Fertilizer N as ammonium nitrate (NH 4 NO 3 ) was broadcast before spring plant growth and aft er each harvest (except the last one each fall) at rates of 0, 28, 56, and 84 kg N ha -1 . Th is resulted in annual rates of 0, 112, 224, and 336 kg N ha -1 on orchardgrass at Shelburne (four applications per year) and 0, 84, 168, and 252 kg N ha -1 on reed canarygrass at Swift St. (three applications per year). Th ese fertilizer N rates will be referred to as control, low, medium, and high. Fertilizer was applied to a 3.6-m-wide strip centered in the plot providing an untreated 1-m-wide buff er along each side of the treated area. Th e zero fertilizer treatment was used as the control plot in calculations for apparent N recovery (ANR) and evaluation of treatment eff ects.
Liquid manure treatments were applied in late fall at the Swift St. site and in early spring at the Shelburne site each year and again approximately 7 to 10 d aft er each harvest during the growing season (except the last one each fall). Late fall is typical on the somewhat poorly drained clay soil on the Swift St. site because of the wet conditions that are common in early spring. Because of the diff erent number of harvests at the two sites, the Swift St. site received three manure applications annually, whereas the Shelburne site received four, with the exception of a late-summer application in Year 1 that was eliminated because of very dry conditions. Th e four manure treatments were low and high application rates (approximately 25 and 50 m 3 ha -1 per application), each applied with broadcast and trailing-foot surface-banded methods. Manure rates were targeted to supply 25 to 30 and 50 to 60 kg ha -1 of NH 4 -N to approximate the low and medium fertilizer N rates. Target rates were not always met, but in most cases manure N rates were similar for both application methods at a given application time. Manure was obtained from a dairy farm with a sawdust-bedded free stall barn. Manure was scraped daily and held in a reception pit before transfer by truck to the spreader tank on site. Manure samples collected immediately before application were analyzed by the University of Vermont Agricultural and Environmental Testing Laboratory. Gravimetric procedures were used to make DM and density determinations. Dried and ground samples were subjected to microwave digestion with nitric acid and peroxide (USEPA, 1995) and analyzed with inductively coupled plasma atomic emission spectrophotometry (ICP-AES) to determine P, K, and Mg concentrations. Total N content was determined using a Lachat QuikChem AE (Zeilweger Analytics, Milwaukee, WI) for colorimetric analysis of distillate from standard Kjeldahl digestion (410º for 1 h, with H 2 SO 4 and a K 2 SO 4 and CuSO 4 catalyst). Ammonium N content was determined before digestion by distillation using MgO 4 as a base. Manure solids content ranged from 56 to 140 g kg -1 for diff erent application times (data not shown), but solids content and nutrient concentrations were similar for both application methods at each time and for annual means (Table 3) . Manure was applied to the plots using a 5700 L liquid manure spreader from Nuhn Industries of Sebringville, ON, which was powered by a 125 hp two-wheel drive farm tractor. Applications were made using a rear-mounted splash plate for uniform broadcast application and a horizontal-boom attachment with 12 or 15 trailing hoses for trailing-foot application in narrow bands. Each of the trailing hoses was supported with formed angle iron and dragged along the ground at about 45º. Th e trailing-foot application is designed to apply manure in narrow bands directly on the soil surface, thus minimizing manure contact with any grass regrowth.
Th e spreading attachment was mounted at the rear of the manure tanker with a vertically sliding quick-hitch and safety bolts that allowed the tractor operator to raise or lower the attachments when making fi eld applications. A PTO-driven impeller pump on the tank was run continuously to circulate the slurry within the tank for mixing the material and pumping it to the spreading attachment. In Year 1 a 12-port distributor with a hydraulically driven rotating plate in the chamber was used to supply manure to individual hoses leading to the trailing-foot attachment. In Year 2 the control of manure band uniformity and application rate was greatly improved by replacing it with a commercial 15-port positive displacement rotary chopper/ distributor (Vogelsang of Essen, Germany) used in conjunction with a series of 15 fl exible hoses (50-mm diam.) that delivered the manure to the individual trailing-foot outlets on the tool bar.
Th e trailing-foot applicator spread manure treatments in a 3.5-m-wide swath as a series of individual narrow bands deposited beneath the crop canopy directly at the soil surface spaced at 30 cm in Year 1 and 23 cm in Year 2. Individual bands averaged 5 and 8 cm wide and 0.5 and 0.8 cm thick for low and high rates, respectively.
Broadcast manure treatments averaged 3 m wide and were applied using a rear-mounted tool bar in Year 1 with fl exible hoses leading to two angled splash plates to provide complete and uniform coverage in the treated area. Applications in Year 2 were simplifi ed with the addition of a low-mount distributor box and single splash plate mounted onto the band-spreading attachment. Th is modifi cation allowed for switching between broadcast and banding applications without exchanging spreader attachments to reduce the time between applications by the two methods. When manure applications were made in these experiments, manure transfers to the site and loading of the spreader, fi eld operating speed, spreading width, discharge rate, and equipment calibration and clean-up time were similar for broadcast and banding methods.
Manure spreader calibration was conducted using one of two methods before application of each set of treatments and actual spreading rates in the plot area were determined using the same method. In Year 1 a set of fi ve portable wheel scales (one for each tire plus the trailer tongue) was used to measure the manure tank weight before and aft er application, the diff erence being used in determining the spreading rate based on the area that was treated. In Year 2, the application rate for calibration and plot treatment was measured by driving the spreader over a 1.8 m 2 (0.9 by 2.0 m) sheet metal tray and weighing the collected manure to determine spreading rate.
A portion of the sample taken for nutrient content analysis was immediately analyzed in the fi eld before application of treatments with an Agros N meter for estimation of NH 4 -N content (Kjellerup, 1986) . Manure application rates for the two site-years averaged 25 and 47 m 3 for low and high treatments and were based on the estimated NH 4 -N content of the slurry to supply rates similar to the N fertilizer treatments (Table 4) .
Harvest and Nitrogen Determinations
Th e grass was harvested using a four-cut system at Shelburne (23-27 May, 1 July, 9-14 August, and 9-14 October) and a three-cut system at Swift St. (6-9 June, 22-23 July, and 13 September/13 October) following recommended practices to achieve optimum forage quality. Yields were determined by harvesting a 1-m-wide strip from the center of each plot at a 6-cm height with a walk-behind cutter bar mower. Harvested material from each plot was weighed to determine yield, and a subsample was collected for DM and N content determinations. Subsamples were dried at 65ºC and DM content was determined gravimetrically. Forage N content was determined by grinding a dried sample to a 1-mm particle size using a Udy Cyclone Mill and analyzing for total N with a CHN elemental analyzer. Either visual observations (Year 1) or measured botanical separations (second harvest of Year 2) were made to determine the proportions of grass and clover present in the sward from selected harvests. For botanical separations a 20-cm-wide swath was cut adjacent to the harvested yield sample area and subsamples were collected in six locations along the length of the plot and combined for a composite sample of the treated area. Collected material was separated by species, and weighed aft er drying to determine species mix in the sward. Aft er collecting samples from each plot the entire plot area was harvested with commercial harvesting equipment.
Apparent N recovery was calculated to estimate the eff ect of treatments on the percentage of total applied N that was taken up by the crop (Jokela, 1992; Misselbrook et al., 1996) . Apparent N recovery values were calculated by subtracting the amount of N uptake by forage from the control plot (N c ) from the N uptake by forage from each set of treatments (N trt ) and dividing by the total N applied (N appl ) as follows: ANR = [(N trt -N c )/N appl ] × 100.
Fertilizer N equivalence (FNE) was calculated to estimate how eff ectively N from manure increased grass yield and N uptake compared with fertilizer N (Bouldin et al., 1984; Jokela, 1992) . Annual yields and N uptake as aff ected by the N fertilizer treatments were described with a best-fi t second order polynomial or linear regression equation using Microsoft Excel (Microsoft , 1997) . Th e yield or N uptake response from each manure treatment for each site-year was used to estimate an equivalent fertilizer N rate that resulted in the same yield or N uptake. Manure FNE was then calculated by dividing the equivalent fertilizer N rate (N fert ) by the total manure N applied for that treatment (N man ) and expressed as a percentage as follows: manure FNE % = (N fert /N man ) × 100.
Data Analysis
Data were statistically analyzed as a randomized complete block design using analysis of variance (ANOVA) with PROC GLM in SAS (SAS Institute, 1996) to evaluate signifi cance of main eff ects and interactions of manure treatments (factorial of application rate and method) and single-degree-of-freedom contrasts to compare fertilizer N rates. Overall treatment diff erences were highly signifi cant (P < 0.01) for all parameters in all site-years and are not reported in tables.
RESULTS AND DISCUSSION
Yield and Nitrogen Uptake Th ere were signifi cant overall treatment eff ects on total annual yield (P < 0.01) at Shelburne in both years. Yield increased with fertilizer N rate but leveled off to a maximum at the medium N rate (Table 5 ; Fig. 1 ), although yields from two individual harvests in Year 2 (July and October) were signifi cantly increased by the high rate (data not shown). Th ese results show somewhat less response to fertilizer N than those reported for orchardgrass in Connecticut where yield of orchardgrass increased signifi cantly up to 300 kg N ha -1 and N uptake continued to increase to a 600 kg N ha -1 application rate (Kanneganti and N rate medium vs. high ns ns ** ** ** ** ** Signifi cant at the 0.01 probability level. † Signifi cant at the 0.10 probability level. ‡ Low, medium, and high fertilizer rates were 28, 56, and 84 kg N ha -1 per application, resulting in annual rates of 112, 224, and 336 kg N ha -1 at Shelburne and 84, 168, and 252 kg N ha -1 at Swift St. § ns = nonsignifi cant at the 0.10 probability level. Klausner, 1994) , and in Pennsylvania, where the optimum economic N rate was 284 kg ha -1 (Hall et al., 2003) . Th e diff erence may be the result of the shorter growing season and lower yield potential in the more northern climate of Vermont. Manure application increased yields in both years an average of 2.6 and 4.7 Mg ha -1 for low and high rates, respectively. Th ere was no signifi cant eff ect of application method in Year 1, but in Year 2 the banded treatment yields averaged 12% higher than broadcast. Year 1 yields from the best manure treatments were 92% of the best N fertilizer treatments, but in Year 2 the high manure rate exceeded yields from N fertilizer by 6 and 16% for the broadcast and banded treatments, respectively. Factors contributing to these results were a visible thinning of the grass sward in the high N fertilizer treatment plots in Year 2, residual N eff ects from past manure applications, and possible non-N benefi ts from manure. Weather also had an impact on grass growth potential. Total precipitation and mean temperatures in the June through September period were higher in Year 2 than in Year 1 (+12 mm; +3.6ºC) ( Table 1) . In Year 1, dry weather during July and August caused noticeable drought stress on the well-drained soil at Shelburne. August precipitation was less than half of the long-term average in Year 1 but slightly higher than average in Year 2. Lower yield response from manure in Year 1 is consistent with lower apparent N effi ciency (yield increase per unit of applied N) reported for liquid manure in a drier and warmer year than in a wetter year in Connecticut (Kaffk a and Kanneganti, 1996) .
Forage N content at the Shelburne site increased with increasing manure and N fertilizer rate in both years (Table 5) . Nitrogen content was higher with application of banded manure than with broadcast in Year 2 but not in Year 1. Th e combination of yield and N content eff ects resulted in more than twice the N uptake relative to the control from the medium and high fertilizer N rates and from the high manure rate (also the low, banded rate in Year 2) ( Table 5 ). Th ere was no signifi cant diff erence between methods in Year 1, but in Year 2 banded manure N uptake averaged 38 kg ha -1 (16%) greater than for broadcast.
At the Swift St. site, there were signifi cant yield eff ects of manure and fertilizer N rate in both years (Table 6 ). Yield response to N fertilizer was approximately linear up to the highest N amount applied, 252 kg N ha -1 yr -1 , and did not reach a plateau as was seen at Shelburne (Fig. 1) . Th e greatest yield at this site, 10.5 Mg ha -1 , was obtained with the highest rate of fertilizer, which increased yields by 88% above the control. Maximum obtainable grass yield at this site might have been even higher as suggested by the linear response to fertilizer N for the range of N rates used. Maximum fertilizer N applied at Swift St. was lower than the rate of 403 kg N ha -1 , which was reported to be the highest economic N rate for reed canarygrass harvested 3 times yr -1 in New York (Klausner et al., 1998) . Th e best manure treatment yields were 90 and 80% of the highest yield obtained with N fertilizer in Years 1 and 2, respectively. Yields from trailingfoot treatments were 7% higher than for broadcast treatments in Year 1, but there was no signifi cant eff ect of application method in Year 2 and no interaction between rate and method in either year. Th is is in contrast to the Shelburne site where the trailing-foot method outyielded broadcast in Year 2 but not in Year 1. In both cases application method eff ects were nonsignifi cant in the year with less overall response to manure (relative to the control)-in Year 1 at the well-drained Shelburne site, which suff ered drought stress in July and August, and in Year 2, a year with above-normal summer precipitation, on the somewhat poorly drained Swift St. site (Table 1) .
Year 1 forage N content increased 20% with the highest rate of N fertilizer and 17% with the best manure treatment (Table 6 ). In Year 2 the N content values for all treatments were greater than in Year 1. Th e N content of the control treatment was unusually high, attributed to increased presence of clover plants in the plots. Th ere were no signifi cant eff ects of manure treatments and irregular eff ects of fertilizer N rate.
Th e greatest N uptake at Swift St. was with the high rate of fertilizer in both years (Table 6 ). In Year 1 the best manure treatment, the banded high rate, had almost twice the N uptake of the control and 86% as much as the high fertilizer N rate. Both rate and method of manure application had signifi cant eff ects on N uptake, with the high manure rate 30% greater than the low rate and the banded application 7% higher than broadcast. Nitrogen uptake response in Year 2 was atypical due to the clover infl uence (Table 7) on the control treatment N uptake, resulting in a continuously increasing response curve (Table 6 ; Fig. 1 ). In Year 2, N uptake was aff ected by manure application rate but not by method of application. Although the Year 2 forage N content for the control was higher than most other treatments, N uptake was less than other treatments due to lower yields (Table 6) .
At the beginning of the experiment both sites had a predominantly grass sward with very little clover. Th e occurrence of nongrass species in the plots was generally so low in the fi rst year that a visual rating was used to monitor any changes. In Year 2, following the second harvest, botanical composition was measured to determine the extent of clover (Trifolium spp.) presence (Table 7) . At Shelburne, although more clover, primarily white (Trifolium repens L.), was observed in the control (20 g kg -1 ) and low manure rate plots (14 g kg -1 ) than other treatments, the total amounts were small and not of practical signifi cance. At Swift St. there were signifi cant diff erences in clover content, primarily red (Trifolium pratense L.), due to manure and fertilizer N rate (Table 7) . Manure application method had no signifi cant eff ect on clover content, but for both methods the low rate had greater clover content (10 x) than high-rate treatments. Fertilizer treatments had a similar response, the clover content decreasing as N application rate increased. Th ere was more clover in the control (214 g kg -1 ) than even the lowest rate of Total annual yields (dry matter), N content, N uptake, N rate medium vs. high ** ** ** ** ** ** ** Signifi cant at the 0.01 probability level. † Signifi cant at the 0.10 probability level. ‡ Low, medium, and high fertilizer rates were 28, 56, and 84 kg N ha -1 per application, resulting in annual rates of 112, 224, and 336 kg N ha -1 at Shelburne and 84, 168, and 252 kg N ha -1 at Swift St. § ns = nonsignifi cant at the 0.10 probability level. applied fertilizer, which only had one-quarter the amount. Th e two highest rates of N fertilizer had negligible clover content and were not signifi cantly diff erent from one another. Greater amounts of N supplied with the high-rate manure and fertilizer treatments increased grass growth and resulted in a taller and more complete canopy than in the control and lowrate manure plots. Th e amount of sunlight energy that reaches individual plants can limit growth potential and could be the primary reason why Year 2 clover content in the study area was inversely proportional to the N application rate. Red clover is more sensitive to low light intensity than grasses (Smith, 1975) and would be less competitive in a tall high-yield grass sward. In the control plots with limited N available, the clover plants, with N 2 -fi xing ability, had a competitive advantage over the grass, but with adequate N supplied the grass dominated.
Apparent Nitrogen Recovery
Apparent N recovery, an estimate of the portion (%) of N applied that is taken up by the crop and recovered in the harvested forage, was signifi cantly greater for all fertilizer treatments at both sites than for any of the manure treatments. (Table 8) . Two-yr average ANR values for fertilizer at Shelburne averaged about 75%, and did not show signifi cant diff erences as a function of fertilizer N rate. Manure ANR values for Year 1 and Year 2 averaged 25 and 30% of total N applied, within the range of reported values from European (Th ompson et al., 1987) and North American studies (Kaffk a and Kanneganti, 1996; Bittman et al., 1999) . Th e diff erence between fertilizer and manure ANR values can be attributed to the fact that approximately half of the manure N is complex organic-N (Table 3; total N minus NH 4 -N), which is not readily available for crop uptake, and that the NH 4 -N, or urea-N, fraction of surface-applied manure is readily lost by volatilization as NH 3 . Th ere was no signifi cant eff ect of manure rate on ANR values in either year, but in Year 2 the banded applications resulted in a 40% higher ANR (P < 0.05) than broadcast (35 vs. 25% ANR). Th e greater ANR recovery in the band treatments can be attributed to a reduction in NH 3 losses compared with broadcast, which was measured in this experiment and reported by Pfl uke (1997) .
At Swift St. in Year 1 the relative N recovery results were similar to Shelburne with average manure ANR values approximately one-third as great as for fertilizer treatments. However, ANR values at Swift St. for both manure and fertilizer treatments were about 25% lower than at Shelburne. Diff erences in soil type at the two sites probably contributed to these diff erences in two ways. Initially the well-drained soil at Shelburne would likely have captured greater amounts of NH 4 associated with the liquid portion of the manure due to greater infi ltration rates at the time of application; and N contribution from manure organic-N in the soil is estimated to be greater for a well-drained soil than for a somewhat poorly drained soil in the year of application (Magdoff and Amadon, 1980; Jokela et al., 1998) .
In Year 2 the Swift St. ANR values were unusually low, especially at the low rate (4%), as a result of the infl uence of clover in the control plots. Th e control treatment N uptake values were greater than expected given the generally linear relationship of N uptake response to applied N fertilizer for all other site-years of this study (Table 5 and 6; Fig. 1 ), presumably due to N derived from N 2 fi xation by the clover. Th is violates the assumption in calculating ANR that N uptake from the control treatment (no fertilizer N) represents the N derived from the soil, and any additional N uptake from other treatments can be attributed to the N from applied fertilizer or manure. Th erefore, the average calculated ANR values for Year 2 at Swift St., 13 and 33% for manure and fertilizer, respectively, are considered to be erroneous. Consequently, an adjusted N uptake for the control treatment for Year 2 is presented here. Nitrogen uptake in Year 1 showed a strong linear relationship with N fertilizer rate (R 2 = 0.998; Fig. 1) . A linear regression using only the low, medium, and high N rates (excluding the control) extrapolated to the 0 N rate gives an estimated N uptake of 107 kg N ha -1 , which is 8 kg greater than the measured value. Using the same approach for the Year 2 data (linear regression based on three N rates plus an 8 kg adjustment) gives an extrapolated N uptake value for the 0 N rate of 106 kg ha -1 rather than 152 kg ha -1 . Using the adjusted value of 106 kg ha -1 , ANR values for manure and fertilizer treatments at Swift St. in Year 2 averaged 36 and 73%, respectively, which is similar to those for the second year at Shelburne where clover encroachment was negligible (Table 8) . Th e invasion of clover into plots in Year 2 infl uenced the control treatment N uptake results and complicated ANR results, but was allowed to occur so that observations could be made of the true eff ect of applied treatments on sward composition. When observed as a natural response to treatments in this grass forage production system the clover had a positive eff ect on harvested forage value when no additional N was applied as manure or fertilizer.
At both sites ANR values for individual harvests varied with the time of year in which manure was applied (data not shown). For example, ANR for the fi rst Shelburne harvest in June (from manure applications in April or May) averaged 37%, which was 65 to 90% greater than from applications made in June and July. Th is likely refl ects diff erences in yield and N uptake, which were greatest from the fi rst harvest. At Swift St., manure applications for the fi rst (June) harvest were made late the previous fall and resulted in very low (9%) ANR values, refl ecting over-winter losses of manure N. Also, yield and N uptake at this site were more uniformly distributed among the three harvest times (data not shown). Apparent N recovery can also be estimated based on the more readily available NH 4 -N fraction. Since the NH 4 -N pool was about half of the total manure N (Table 3) , ANR values were about twice those based on total N, most between 40 and 60%, approaching the values for fertilizer N.
Fertilizer Nitrogen Equivalence of Manure
Yield and N uptake values for each manure treatment were compared with the best-fi t regressions of fertilizer N response to calculate FNE values for manure, as described by Bouldin et al. (1984) and Jokela (1992) . Determination of yield-based FNE for Year 1 at the Shelburne site is shown graphically as an example in Fig. 1 . At Shelburne in Year 1, FNE averaged about 32% with little diff erence among treatments based on either yield or N uptake (Table 9 ). In Year 2 FNE values were greater (average 42%) and refl ected the additional contribution from organic-N mineralization from the fi rst year application of manure. Fertilizer N equivalence for the trailing-foot/banded application was signifi cantly greater than for broadcast, with the best treatments over 50%. Th e 2-yr total yield-based FNE values averaged 50% compared with 42% for broadcast (56 vs. 43% for the high rate). Th ese are in the range of estimates typical for incorporated manure (Jokela, 1992) and illustrate the potential for improved manure N utilization with the trailing-foot applicator.
At Swift St. in Year 1 FNE values averaged 33% for both yield and N uptake, very similar to results at Shelburne. Fertilizer N equivalence was about one-third higher for banded than for broadcast treatments (signifi cant only on N uptake basis), similar to results in Year 2 at Shelburne. Fertilizer N equivalence values at Swift St. in Year 2, especially on an N uptake basis, were unusually high for the low manure rates with both spreading methods, which was very diff erent from any of the other three site-years (Table 9) . Clover content at Swift St. in Year 2 (Table 7) was signifi cantly greater for the low-rate manure treatments than for the high-rate for both spreading methods and resulted in greater N uptake relative to the N applied. Th e observed Year 2 and 2-yr FNE values at Swift St. reported here refl ect a combined total of manure-N and legume-N contribution, and should not be compared with values for FNE for other site-years.
CONCLUSIONS
Liquid dairy manure surface-banded on grass with a trailing-foot applicator has the potential to provide greater benefi ts to a livestock farm system than broadcast manure by increasing yield and N uptake. By conserving N, this improved manure application method can supply greater amounts of N per unit of fi eld-applied manure than surface-broadcasting, thereby decreasing associated manure P and K application rates if manure is applied on an N basis. Banding of liquid manure conserves valuable nutrient resources by reducing gaseous N loss following fi eld-spreading and can also reduce odor compared with broadcast application. Trailing-foot application also results in more uniform application and the potential for less contamination of forage than conventional broadcast application. ** Signifi cant at the 0.01 probability level. † Signifi cant at the 0.10 probability level. ‡ Not calculated because manure response in excess of fertilizer N response. § ns = nonsignifi cant at the 0.10 probability level.
